Previously regarded as a rare neoplasm, the incidence of esophageal adenocarcinoma has risen rapidly in recent decades. It is often discovered late in the disease process and has a dismal prognosis. Current prognostic markers including clinical, radiographic, and histopathologic findings have limited utility and do not consider the biology of this deadly disease. Genomewide analyses have identified SMAD4 inactivation in a subset of tumors. Although Smad4 has been extensively studied in other gastrointestinal malignancies, its role in esophageal adenocarcinoma remains to be defined. Herein, we show, in a large cohort of esophageal adenocarcinomas, Smad4 loss by immunohistochemistry in 21 of 205 (10%) tumors and that Smad4 loss correlated with increased postoperative recurrence (P = 0.040). Further, patients whose tumors lacked Smad4 had shorter time to recurrence (TTR) (P = 0.007) and poor overall survival (OS) (P = 0.011). The median TTR and OS of patients with Smad4-negative tumors was 13 and 16 months, respectively, as compared with 23 and 22 months, respectively, among patients with Smad4-positive tumors. In multivariate analyses, Smad4 loss was a prognostic factor for both TTR and OS, independent of histologic grade, lymphovascular invasion, perineural invasion, tumor stage, and lymph node status. Considering Smad4 loss correlated with postoperative locoregional and/or distant metastases, Smad4 was also assessed in a separate cohort of 5 locoregional recurrences and 43 metastatic esophageal adenocarcinomas. In contrast to primary tumors, a higher prevalence of Smad4 loss was observed in metastatic disease (44% vs. 10%). In summary, loss of Smad4 protein expression is an independent prognostic factor for TTR and OS that correlates with increased propensity for disease recurrence and poor survival in patients with esophageal adenocarcinoma after surgical resection.
E sophageal cancer is the eighth most common cancer type and the sixth most common cause of cancer-related deaths worldwide. 1 Squamous cell carcinoma and adenocarcinoma account for >90% of all esophageal cancer cases. Internationally, squamous cell carcinoma is the most prevalent histologic subtype in the esophagus; however, in Western countries, esophageal cancer is a disease in epidemiologic transition. Whereas the incidence of squamous cell carcinomas has declined due to decreased smoking and alcohol consumption, the incidence of lower-third esophageal and gastroesophageal junction adenocarcinomas has risen rapidly. 2, 3 In the United States, the incidence of esophageal adenocarcinoma has increased by 600% in white male individuals over the last 30 years. [4] [5] [6] The 5-year overall survival (OS) rate of esophageal adenocarcinoma is dismal at 17%, which is largely attributable to >50% of patients presenting with locally unresectable disease or distant metastasis. 5, 7, 8 However, even in patients amenable to curative intervention with aggressive neoadjuvant therapy followed by surgery, the 5-year survival rates remain low at 30%. 7 Current treatment algorithms rely on clinical, radiographic, and histopathologic assessments of disease to adequately prognosticate and stratify patients but have limited utility and do not consider the biology of this deadly disease. 9 Advancements in whole-exome and whole-genome sequencing have uncovered the genetic landscape and spectrum of chromosomal alterations that characterize esophageal adenocarcinoma. [10] [11] [12] Recently, Dulak et al 13 identified recurrent mutations within various members of the transforming growth factor beta (TGF-b)/Smad signaling pathway in 18% of esophageal adenocarcinomas. The most frequently altered gene in this pathway was SMAD4, which was mutated in 8% of tumors. In addition, SMAD4 was subject to copy number loss in 34% of tumors. Smad4 is a key mediator of TGF-b signal transduction by heterodimerizing to receptor-regulated Smad proteins and translocating them to the nucleus. 14 The Smad4/Smad complex then binds to specific DNA sequences and controls gene expression. Thus, many of the functions of TGF-b including growth suppression and cell death are abrogated with Smad4 loss. 15 The relationship between SMAD4 gene inactivation and tumorigenesis has been reported in other neoplasms, especially pancreatic ductal and colorectal adenocarcinomas. [16] [17] [18] [19] [20] [21] In both tumor types, somatic inactivation of SMAD4 is accurately mirrored by loss of Smad4 protein expression by immunohistochemistry. 22, 23 Smad4 immunohistochemistry has proven to be a valuable tool in delineating the role of SMAD4 in the pathogenesis of these tumors. In fact, the loss of Smad4 has been shown to correlate with progression to metastasis and poor prognosis. A similar association in esophageal adenocarcinomas has not been studied. We, therefore, evaluated Smad4 by immunohistochemistry in a large cohort of esophageal adenocarcinomas from patients who underwent potentially curative esophagectomy without induction therapy. Further, we assessed Smad4 in a separate cohort of locoregional recurrences and distant metastases and their corresponding primaries. These findings were correlated with various clinicopathologic features including time to recurrence (TTR) and OS.
MATERIALS AND METHODS

Surgically Resected Esophageal Adenocarcinoma Study Cohort
Study approval was obtained from the University of Pittsburgh Institutional Review Board. Tissue microarrays were constructed from archival formalin-fixed paraffinembedded (FFPE) tissue blocks from 159 esophageal adenocarcinoma resections seen at the University of Pittsburgh Medical Center between 1997 and 2009. Three, random 0.6-mm-sized cores were punched from each patient's tumor and harvested into recipient blocks. 24 Whole sections from an additional 46 esophageal adenocarcinoma resections were selected between the same time period. In total, 205 resected esophageal adenocarcinomas were obtained for immunohistochemical analysis. Representative hematoxylin and eosin-stained sections of each tumor were reviewed to confirm subtype, histologic grade, depth of invasion, lymph node status, and the presence of lymphovascular and perineural invasion. The pathologic primary tumor classification and stage groupings were determined according to the American Joint Committee on Cancer (AJCC) Staging Manual, seventh edition. 25 In addition, for each case, patient demographics, gross pathology reports, and prior pathology findings to include the identification of intestinal metaplasia were documented. Follow-up information was extracted from the patient's electronic medical record to include locoregional recurrence, distant metastasis, and survival. Further, patient survival information was cross-referenced with the US Social Security Death Index and medical records.
Locoregional and Distant Metastatic Esophageal Adenocarcinoma Study Cohort
A separate cohort of 5 locoregional recurrences and 43 distant metastases were identified within the surgical pathology archives at the University of Pittsburgh Medical Center among patients diagnosed between 1997 and 2013. All specimens in this cohort had pathologic confirmation of a primary esophageal adenocarcinoma by either biopsy or esophagectomy. Both hematoxylin and eosin slides and FFPE blocks were available for review and immunohistochemical analysis, respectively. Patient demographics, radiographic findings to document number of metastatic deposits, data regarding chronicity with respect to the patient's primary esophageal adenocarcinoma, and survival information were obtained from the medical record. In each case, an attempt was made to obtain FFPE blocks from the patient's corresponding primary esophageal adenocarcinoma. Matching primary tumors were also evaluated for all 5 locoregional recurrences and 28 of 43 (65%) distant metastases. None of these cases were within the initial surgically resected esophageal adenocarcinoma study cohort.
Immunohistochemical Analysis of Smad4 Expression
Immunohistochemical labeling was performed on 4mm-thick unstained sections. Slides were deparaffinized with serial xylene treatments and subjected to antigen retrieval using heated citrate solution (pH 9.0) at 1001C for 10 minutes. Immunolabeling for Smad4 (B-8 mouse monoclonal, dilution 1:500, Santa Cruz, CA) was performed on the automated Ventana Benchmark XT system using the biotinfree Ventana OptiView DAB IHC Detection Kit (Ventana Medical Systems, Tucson, AZ). Immunohistochemical scoring of Smad4 expression was performed similar to those published previously. 17, 18 Assessment of Smad4 was done blinded to any other patient data including outcome. Intact or "positive" expression of Smad4 was defined as either nuclear or both nuclear and cytoplasmic staining within tumor cells, using stromal cells as a positive internal control ( Figs. 1A, B ). Loss or "negative" staining was scored in cases in which the tumor completely lacked both nuclear and cytoplasmic immunolabeling (Figs. 1C, D). In cases from constructed tissue microarrays, all 3 cores were required to demonstrate absence of staining within the tumor cells to be scored as negative. Similarly, negative staining in whole sections required loss of Smad4 expression within the entire tumor. Intratumoral heterogeneity was identified in 3 of 205 (1%) resected esophageal adenocarcinomas and scored as intact or "positive" expression for Smad4.
Statistical Analysis
w 2 analysis or Fisher exact tests were used to compare categorical data, and analysis of variance was used to compare continuous variables. Survival curves were constructed using the Kaplan-Meier method, and differences between groups were evaluated by the log-rank test.
TTR was calculated from the date of surgery to the date of first recurrence after surgery or to the date of last clinical evaluation for recurrence. OS was calculated as the time from the date of surgery to the date of death or the date of last follow-up. The prognostic significance of clinical and pathologic characteristics was determined using univariate Cox regression analysis. Multivariate analyses of significant risk factors were performed using Cox proportional hazard regression to identify independent risk factors for both TTR and survival. All statistical analyses were performed using the SPSS Statistical software, version 21 (IBM, Armonk, NY), and statistical significance was defined as a P value of <0.05.
RESULTS
Esophageal Adenocarcinoma Study Cohort
The clinical and pathologic features of the study cohort are summarized in Table 1 . Patients at diagnosis ranged in age from 23 to 89 years (mean, 66.1 y) and were predominantly male (170 of 205, 83%). All 205 patients were treated by esophagectomy without neoadjuvant therapy. One hundred and fifty-two of 205 (74%) tumors were centered within the gastroesophageal junction, whereas the remaining 53 (26%) were located within the distal esophagus. Grossly, the tumors ranged in size from 0.5 to 13.0 cm (mean, 4.6 cm). On the basis of the AJCC Staging Manual (seventh edition), 87 (42%) cases were histologically graded as well to moderately differentiated, and 118 (58%) were poorly differentiated. Lymphovascular and perineural invasion were identified in 158 (77%) and 94 (46%) tumors, respectively. Intestinal metaplasia (Barrett mucosa) was encountered in the background of 143 (70%) esophageal adenocarcinomas in either the surgical resection specimen or preoperative biopsies. The depth of tumor infiltration (pT staging) was classified as follows: 8 (4%) pT1a, 26 (13%) pT1b, 26 (13%) pT2, 141 (69%) pT3, and 4 (2%) pT4. Regional lymph node involvement by metastatic disease FIGURE 1. Smad4 immunohistochemistry in esophageal adenocarcinoma. Intact or "positive" immunolabeling for Smad4 was defined as nuclear or both nuclear and cytoplasmic staining within tumor cells and stromal cells, which served as a positive internal control (A, H&E; B, Smad4). Ten percent of resected esophageal adenocarcinomas were categorized as negative for Smad4. In these cases, complete absence of Smad4 immunolabeling within neoplastic cells and preserved staining in the surrounding stroma (C, H&E; D, Smad4) were observed. H&E indicates hematoxylin and eosin. 
Smad4 Immunohistochemistry and Correlation With Clinicopathologic Features
In total, 21 of 205 (10%) resected esophageal adenocarcinomas were categorized as negative by Smad4 immunohistochemical staining (Fig. 1 ). There were no statistically significant differences between Smad4 status and patient sex (P = 0.060), age (P = 0.704), tumor size (P = 0.755), histologic grade (P = 0.065), intestinal metaplasia in the background esophagus (P = 0.435), presence of lymphovascular (P = 0.172) and perineural (P = 0.165) invasion, pT staging (P = 0.865), pN staging (P = 0.174), or AJCC pathologic stage (P = 0.843).
However, Smad4 loss correlated with increased postoperative locoregional recurrence and/or distant metastases (71% vs. 47%, P = 0.040). Patients whose tumors lacked Smad4 had shorter TTR and OS (Fig. 2) . Among Smad4-negative esophageal adenocarcinoma patients, the TTR rates were 51% at 1 year and 6% at 5 years, with a median of 13 months. The OS rates were 57% at 1 year and 5% at 5 years, with a median of 16 months. In comparison, patients with Smad4-positive esophageal adenocarcinoma had significantly longer TTR (63% at 1 y and 29% at 5 y, median of 23 mo; P = 0.007) and better OS (66% at 1 y and 23% at 5 y, median of 22 mo; P = 0.011) rates.
Results from univariate Cox regression analysis for TTR and OS in relation to various clinicopathologic features including Smad4 immunohistochemical status are shown in Table 2 . Shorter TTR and poor OS were associated with histologic grade (P = 0.001 and P < 0.001, respectively), lymphovascular invasion (P < 0.001 and P = 0.001, respectively), perineural invasion (P < 0.001 and P = 0.001, respectively), advanced T-stage (both P < 0.001), advanced N-stage (P = 0.006 and 0.003, respectively), advanced overall AJCC pathologic stage (P = 0.019 and 0.013, respectively), and Smad4 loss by immunohistochemistry (P = 0.008 and 0.012, respectively). Multivariate analysis was also used to determine the prognostic significance of Smad4 loss for TTR and OS and included histologic grade, lymphovascular invasion, perineural invasion, tumor stage, lymph node metastasis, and Smad4 protein expression ( Table 3 ). The loss of Smad4 expression was an independent prognostic factor for both TTR (P = 0.026) and OS (P = 0.017).
Assessment and Correlation of Smad4 Expression in Locoregional Recurrences and Metastases
Considering Smad4 loss in resected esophageal adenocarcinomas correlated with postoperative locoregional recurrence and/or distant metastases, the immunohistochemical status of Smad4 was assessed in separate cohorts of 5 locoregional recurrences and 43 distant metastases. Among the locoregional recurrences, all 5 patients had esophagogastrectomies with lymphadenectomy and negative surgical resection margins that ranged from 18 to 54 months (mean, 27.8 mo) before recurrence. The sites of locoregional recurrence included 3 cervical lymph nodes and 2 esophagogastric anastomoses. Only 1 of 5 (20%) locoregional recurrences lacked Smad4 protein expression and was located at the esophagogastric anastomosis (Figs. 3A, B) . The patient's corresponding primary surgical resection material also demonstrated loss of Smad4 (Figs. 3C, D) , whereas the primaries from the remaining patients showed preserved Smad4 immunohistochemical staining. The sites of distant metastases from 43 patients varied widely and included 21 (49%) liver, 7 (16%) lung, 6 (14%) peritoneum, 5 (12%) abdominal wall soft tissue, 2 (5%) omentum, 1 (2%) pleura, and 1 (2%) scalene muscle (Table 4 ). Although only 1 metastasis per patient was assessed for Smad4 expression, 25 (58%) patients had multiple metastatic deposits by radiographic imaging. In addition, 26 (60%) patients had synchronous primary and metastatic disease. Nineteen of 43 (44%) distant metastases were negative for Smad4 immunohistochemical staining (Figs. 4A, B ). There were no statistically significant differences between Smad4 status in distant metastases and patient sex (P = 1.000), mean age (P = 0.464), number of metastatic deposits (P = 0.119), chronologic presentation with respect to the patient's primary (P = 0.531), or metastatic site (P = 0.501). Corresponding primary esophageal adenocarcinoma biopsies or surgical resection material was available for Smad4 immunohistochemical analysis in 28 of 43 (65%) patients. Among these 28 primaries, 8 (29%) showed complete loss of Smad4 within the neoplastic cells (Figs. 4C, D) , and all 8 corresponded to Smad4negative metastases.
DISCUSSION
The National Cancer Institute defines a prognostic factor as "a situation or condition, or a characteristic of a patient, that can be used to estimate the chance of recovery from a disease or the chance of the disease recurring (coming back)." Current prognostic classification of esophageal adenocarcinoma relies on clinical measures (eg, patient age, functional and quality-of-life scores), radiologic characteristics (eg, endoscopic ultrasound locoregional staging), and pathologic findings (eg, TNM staging). 26 However, these parameters have limited ability in stratifying patients according to their likely outcome. Although patients with advanced-stage tumors clearly do worse than those with early disease, most patients with surgically resectable tumors present late, and, even within this group, there are wide variations in survival. 9 Thus, additional markers of disease are required to accurately prognosticate patients with esophageal adenocarcinoma.
Herein, we identified loss of Smad4 protein expression in 10% of surgically resected esophageal adenocarcinomas. In addition, Smad4 loss correlated with shorter TTR and poor OS. The median TTR and OS of patients with Smad4-negative tumors were 13 and 16 months, respectively, as compared with 23 and 22 months, respectively, among patients with Smad4-positive tumors. In multivariate analysis, the absence of Smad4 expression was a negative, independent prognostic factor for both TTR and OS. These findings may be explained, at least in part, by the association of Smad4 loss with increased postoperative locoregional recurrence and distant metastases (71% vs. 47%).
Although recent genome-wide analyses of esophageal adenocarcinoma have identified recurrent genetic alterations in SMAD4, little has been reported with regard to Smad4 and its role in the pathogenesis of esophageal ad-enocarcinoma. 10, 13 However, Smad4 has been extensively studied in other gastrointestinal malignancies. Originally isolated as a tumor-suppressor gene in pancreatic cancer, SMAD4, also termed DPC4 (for Deleted in Pancreatic Cancer, locus 4), is inactivated in approximately 55% of pancreatic ductal adenocarcinomas, either by mutation with loss of heterozygosity or homozygous deletion. 27 Immunohistochemical staining for Smad4 directly mirrors its genetic status, and loss of protein expression serves as a surrogate marker for SMAD4 inactivation. 23 Tascilar et al 18 immunolabeled a large cohort of surgically resected pancreatic ductal adenocarcinomas for Smad4 and found that the absence of protein expression correlated with poor OS and served as a negative, independent prognostic factor. Analogous to esophageal adenocarcinoma, the association between Smad4 loss and a poor prognostic outcome may be related to an increased propensity for Smad4-negative pancreatic ductal adenocarcinomas to metastasize. Iacobuzio-Donahue at al 20 reported the patterns of metastasis in a series of patients with pancreatic cancer enrolled within a rapid autopsy program. The authors demonstrated that the absence of Smad4 expression by immunohistochemistry was often associated with death from widely metastatic disease, whereas patients with preserved Smad4 expression were more likely to have localized disease. Similar observations have also been made with colorectal adenocarcinoma. Both Maitra et al 17 and Miyaki et al 19 showed that the loss of Smad4 correlated with progression of colorectal cancer, especially distant metastasis. Both groups found no Smad4 inactivation in adenomas and stage I tumors, but the frequency of Smad4 loss increased with advanced disease. In addition, they found a higher frequency of Smad4 loss in colorectal adenocarcinomas with distant metastasis compared with those without distant metastasis. These findings parallel our own, wherein 44% of metastatic esophageal adenocarcinomas demonstrated SMAD4 loss. However, among the corresponding primaries, only 29% had SMAD4 inactivation. This suggests that loss of SMAD4 is a late event in the pathogenesis of esophageal adenocarcinoma. The association of Smad4 loss with poor prognosis and distant metastasis has significant clinical implications. Surgical resection with curative intent remains the mainstay of definitive treatment for esophageal adenocarcinomas. 28 However, this can be a high-risk undertaking depending on surgeon experience and hospital volume. Although in-hospital mortality at our institution is <2%, it remains around 9% nationally. 29, 30 Moreover, significant morbidity as a consequence of postoperative complications can affect up to half of all patients who undergo surgery. 31 Thus, a less aggressive course of treatment may be more appropriate for a subset of patients. Although further studies are required, the identification of a Smad4-negative esophageal adenocarcinoma in preoperative mucosal biopsies would indicate an increased risk for disease recurrence. In turn, this may prompt risk reassessment as to whether esophagectomy is beneficial to long-term oncologic outcomes. On the otherhand, a more aggressive approach may be indicated for Smad4-negative tumors.
The present study, however, is not without limitations. It is retrospective by design, and the number of patients is not large. Furthermore, not all patients within the study cohort received the same esophagectomy procedure (ie, open transhiatal or Ivor-Lewis esophagectomy vs. minimally invasive esophagectomy) or adjuvant therapy protocol. A prospective validation of Smad4 protein expression as a prognostic biomarker in a large series of patients is clearly needed. In addition, according to the current National Comprehensive Cancer Network guidelines, preoperative neoadjuvant chemoradiation is preferred for most cases of esophageal adenocarcinoma. 32 Patients receiving neoadjuvant treatment were specifically excluded from our study so as to not confound the interpretation of Smad4 loss. However, in other malignancies, the inactivation of Smad4 has been reported to contribute to chemoresistance and may show a similar correlation in esophageal adenocarcinoma. 33, 34 In summary, we report the largest assessment of Smad4 protein status on cohorts of primary and recurrent esophageal adenocarcinomas. The loss of Smad4 protein expression is an independent prognostic factor for both shorter TTR and poor OS and correlates with increased propensity for disease recurrence in patients with esophageal adenocarcinoma after surgical resection. Although further studies are required, immunohistochemical analysis of Smad4 protein expression on preoperative biopsies may aid in stratifying patient treatment algorithms.
